In this paper the development of an automated flux coupling mechanism applied to a Regional Coupled Atmosphere-Ocean Model (RCAOM) is reported. The coupler serves as an interface between two state-of-the-art models viz. Advanced Weather Research and Forecasting Model (WRF) and Princeton Ocean Model (POM). It has direct significance for ocean state forecasting studies such as prediction of sea-surface temperature (SST), surface circulations etc. RCAOM simulates local processes like upwelling along coastal Kalpakkam situated on the east coast of India and is also used to observe thermal recirculation at intake locations of cooling Jetties for the two nuclear power plants, Madras Atomic Power Plant (MAPS) and Prototype Fast Breeder Reactor (PFBR). The simulations reveal that the rise of temperature at intake locations of MAPS and PFBR occurs due to reversal wind system and exchange of heat fluxes and secondly upwelling is observed at the outfall location due to topographically induced effect in the absence of thermal discharge.
INTRODUCTION
Throughout decades and more importantly in recent times, the study of weather and climate and its impact on natural systems is presently an area of active interest and research. It is known that interaction amongst various components and feedback mechanisms is required to fully understand weather and climate systems. This depicts the fact that a single model will not suffice the requirement for a comprehensive understanding of the system. One can find an ensemble of models used at present to understand the physical process of an oceanic system. The success rates for these ensemble models have gained substantial attention and popularity among the scientific community. The atmosphere and oceans form such a coupled system, and to model them a comprehensive knowledge on the exchange of fluxes at the interface is an essential pre-requisite. One can find suite of numerical models developed for these systems in the literature, however, it is still an ongoing task to develop a suitable community model which takes care of the complex coupling mechanisms in these systems.
The atmosphere is very transient and fluctuates in short time and space scales as compared to the ocean which operates on larger time scales (Battisti et al., 1989) . In spite of this, the atmosphere-ocean forms an inter-dependent system, thereby exchanging fluxes of momentum, heat, salt and freshwater at the interface. So it is essential that the exchange of fluxes at an interface is considered using flux coupling mechanism. Improved parameterization schemes along with high computational power have made it possible to obtain model predictions in short span of time (Lunkeit et al., 1996) . Though these discussions are on the stand alone version of state-of-the-art models, the benefits of computational power hold good when one intends to develop a coupled modeling system as well, in which the main task is to transfer information through the interface (air-sea boundary in this case).
There are ample evidences in literature that a coupled atmosphere-ocean general circulation model (AOGCM) can improve the weather forecasting capabilities. Some of the work relevant to coastal regions has shown that there is significant improvement in prognostic variables such as air temperature, wind speed and direction, relative humidity and heat fluxes. In one of the works reported by Liu (1994) it is postulated that mixing process at the oceanic surface due to air-sea interaction process can significantly change the mixed layer depth (MLD) of the ocean. Recently Small et al. (2012) explained the spatial and temporal distribution of ocean mixed layer response to strong wind using coupled atmosphere-ocean model. It explained the inter-decadal variations of thermocline circulations and associated anomalies of SST in North Atlantic Ocean (Delworth et al., 1993) . These were used to know the role of ocean on reduced intensity of Hurricane through the feedback of SST (Schade et al., 1998) and also showed smaller bias in latent heat flux by improving SST field on the surface of ocean (Small et al., 2011) . Coupled models have also been used to simulate anthropogenic greenhouse warming (Manabe (1969) , Bryan et al. (1975) , Manabe et al. (1975) , Manabe and Stouffer (1979) , Washington et al. (1980) ). The long-term integration of a coupled atmosphere-ocean-land model has been used for analyzing the variability of surface air temperature and sea surface temperature (Manabe et al. 1995) . R. M. Hodur (1996) has reported that "The Naval Research Laboratory's Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS)" has been used for the operational forecast of tropical cyclones. A recent work by Mark et al. (2002) remarks on varying multiple grid resolutions and time steps in the computational domain involved by utilizing ensemble of models. A very recent study by Kochanski et al. (2009) have pointed out the significance of coupled models, where improvements in boundary layer was expected due to proper parameterization of turbulence which led to improvement of lower boundary conditions in the atmospheric model. reported sensitive cases on the development of coupled models. In a recent study, Madhu and Rao (2012) have attempted to investigate the dynamics of shelf flow response to spatial and temporal variability of wind stress forcing along the Kerala coast, south-west coast of India. They (Madhu and Rao, 2012) attempted to understand the variability of surface circulation and associated SST from daily wind stress forcing derived from QSCAT winds, and propose a threshold limit for coastal wind magnitude of 3 m s -1 wherein the coastal current reverses its direction. The inhibition of coastal upwelling due to current reversal and its implication on increase in local SST is explained in their work (Madhu and Rao, 2012) . In context to coastal Kalpakkam, an advanced two-dimensional depth-integrated finite element (ADCIRC) model to understand coastal the circulation features, storm surge and associated water levels was reported by Rao et al (2010) . Their study highlights that potential inundation can occur when pressure deficit exceeds a threshold value of 66 hPa and horizontal extent of inundation can range between 1 to 1.5 Km associated with peak surge. In another recent study for the same region, Bhaskaran et al (2013) investigated the performance and validation of a coupled parallel ADCIRC-SWAN model for Thane cyclone that had landfall between Cuddalore and Pondicherry. An extensive validation experiment was performed (Bhaskaran et al., 2013) for the significant wave height and surface currents with in-situ, satellite and HF Radar observations. While reviewing the above literature it was realized that a modified flux coupling algorithm would be able to take care of the physical exchange processes across the atmosphere and ocean surfaces.
Accordingly in the present work a Flux Coupling Toolkit (FCTK) is generated by coupling two stateof-the-art models, one for the atmospheric component (WRF model) and the other for the oceanic component (POM model). The development of FCTK is aimed to study these two models as they are being widely used at operational centers for routine weather forecasts. The developed FCTK improves the bonding between the two models by virtue of flux exchange at the interface. Several numerical experiments related to the study of thermal plume dispersion from the outfall regions of two power plants at Kalpakkam have been conducted to assess the performance of RCAOM by using the FCTK algorithm.
The developed RCAOM was tested for sensitive cases and then it was tested to computations concerning the simulations of coastal processes like upwelling in absence of thermal plume discharge at the outfall location and in cases where effect of thermal plume dispersion and thermal recirculation during pre-and post monsoon seasons at intake locations of MAPS and PFBR in vicinity of Kalpakkam region can explain the physical exchange processes across the air-sea interface.
STUDY AREA -COASTAL KALPAKKAM
Kalpakkam is located on the east coast of India, approximately 70 km south of Chennai in India. The reactors MAPS and PFBR are of capacities 2×220 MW and 500 MW respectively with the rate of cooling water intake (from the ocean) at 35 and 29 m 3 s -1 at a distance of 360 m and 460 m respectively from the coast (Figure 1 ). Intake locations of the cooling water is separated by 680 m and outlet where the hot water is discharged to the ocean is 500 m away from MAPS. The continental shelf of Kalpakkam meet with the Bay of Bengal (BOB) which is popularly known for generation of eddies and mesoscale features (Varkey et al. 1996) and is more prone to cyclones (Rao 1986) . As a result the circulation features and thermal variability of outfall discharge from the nuclear power plants bear an important role in context to the water intake for reactor's cooling purpose. It is also necessary to study the local coastal process like upwelling and downwelling, seasonal variations of thermal plume dispersion and effect of thermal recirculation of plume at the intake locations of cooling Jetties due to changing meteorological/oceanographic conditions. The bathymetry ( Figure 2 ) used for model simulation has been obtained from Civil works section of IGCAR and it has been digitized to proper format for POM. The seabed slopes are steep in the nearshore region (1:20) and flat (1:100) in the region away from the shore (CWPRS Technical Report No.4042, 2003) . In the near-shore areas the bathymetric survey data obtained from IGCAR, Kalpakkam was used, whereas in other regions the 30-arc second GEBCO extracted data was used. The bathymetric measurements from IGCAR survey data was blended with the GEBCO to provide the required bathymetry for the study area.
DATA SETS
Observational data sets are very important to provide initial and lateral boundary conditions to numerical models, as well as to validate model computed results. In the present study, the wind data from National Centre for Environmental Prediction Final Analysis (NCEP FNL) was used to provide initial and boundary conditions to the WRF model. This data (NCEP FNL) has a horizontal grid resolution of 1°×1°available at every six hour interval. In addition, the monthly World Ocean Atlas (WOA 2009) temperature and salinity data having horizontal grid resolution of 0.25°×0.25°and 24 vertical levels was also used to initialize POM model. To validate the RCAOM results, the monthly New Climatology (Prasad Kumar et al., 2009) (Laprise, 1992) . The numerical methods are based on time split and leap frog time integration scheme, while discretization of the equations is in flux form (Klemp et al. 2007) . As mentioned, the model is developed in Eulerian approach which uses the third order Runga-Kutta time integration scheme and higher order spatial discretization for advection process. The spatial discretization along horizontal is based on a staggered Arakawa 'C' grid. The coefficients relevant to the mixing processes due to turbulence along horizontal and vertical are treated using (k h ) and (k v ), which are the horizontal and vertical eddy viscosities respectively. In addition, the prognostic turbulent kinetic energy (TKE) equation is used as an integral part of this model. The open boundary conditions used in WRF are gravity-wave radiating boundary conditions as described in the work of Klemp and Lilly (2007) and Klemp and Wilhelmson (1978) . The model has the flexibility to allow horizontal nesting by virtue of which high resolution grids can be embedded in the area of interest (Michalake et al. 2004) . One of the highlights in this model is the option to choose advanced physical parameterizations relevant to micro-physics, cumulus parameterization, planetary boundary layer (PBL), land-surface model and radiation physics. It is based on user's discretion to choose an appropriate physical parameterization based on the prevalent local dynamics in the operational zone of interest.
The Ocean Model (POM)
The Princeton Ocean Model (POM) was developed to study circulation features, mixing processes in estuaries, coastal and near shore regions and open sea. The turbulence closure sub-model in POM was included based on the work of Mellor and Yamada (1982) , which yields realistic, surface and bottom boundary layers and circulation features (Blumberg and Mellor, 1987) . In the initial development stage of POM, the rectilinear coordinate system was applied to shallow estuarine systems to understand the circulation aspects. Later, the sigma coordinate system was introduced to represent the vertical direction which is a terrain following coordinate system. The usage of sigma coordinate system achieved popularity while dealing with variability arising due to topographic features in continental shelf and slope regions. The work by Mellor et al. (1996) led to development of a better representation of bottom boundary layer in coastal waters. The role of bottom boundary layer due to the effect from bottom currents in deep waters were investigated and reported by Zavatarelli et al. (1995) . Many modifications in POM have taken place since its inception, and the present version has sophisticated model physics and associated model grid structure. The use of Arakawa 'C' grid in spatial domain was also found to improve the model efficiency.
COUPLING METHODOLOGY
The coupling between the aforementioned models is performed utilizing the developed FCTK. The flow diagram with FCTK is shown in Figure 3 . The WRF provides information on prognostic atmospheric variables such as wind speed, air temperature, relative humidity, downward shortwave SubbaReddy Bonthu, Kaushik Sasmal, Hari V Warrior and Subhendu Maity 91 radiation flux, latent heat flux, sensible heat flux, net long wave radiation flux. These fluxes are fed to POM through the action of FCTK from WRF at an equal interval of every twelve hours and the ocean model's SST is fed back into the atmospheric model. This whole process is designed in a sequential mode and automized and the final derived information are disseminated online to web resources to the Decision Support System (DSS). The WRF model produces output fields for four times in a day with extended long range forecasts up to 16 days in advance. However, it is a well accepted fact that forecast skills are not very good for long range forecasts. Most of the atmospheric models used in operational centers use medium range forecast or now-casts for operational purposes. In the present study, we have used a nested option of WRF which employs a high resolution grid nested onto a coarser grid (having spatial dimension of 1.5 Km). The WRF model has been run for every month extracting the output at twelve hours interval. The output from WRF is then passed to FCTK for interpolation of the required grid dimension and resolution of POM (in our study grid resolution was 167 m). There is no observational data available in the innermost domain for POM simulations with a grid resolution of 167 m. The authors identify this as a constraint. However, with the available data standard interpolation techniques were used for model simulations in the innermost domain. Utilizing the WRF output, the FCTK has the flexibility to provide either momentum flux or heat flux or a combination of both into the POM model. Thus the information of fluxes is passed to POM as surface boundary conditions for every twelve hours. Simulations are then carried out with the fine resolution POM on a forecast mode for two days and the output information are sent to DSS and the SST of POM is fed back to the WRF model. In the present case study the RCAOM has been simulated for both pre-and post-monsoon periods.
DEVELOPMET OF FLUX COUPLING TOOL-KIT (FCTK)
The FCTK has a flux coupling algorithm to combine the two independent atmosphere and ocean models. The flux coupling algorithm is used to calculate momentum and heat fluxes by utilizing aerodynamic bulk formulations. The momentum and heat fluxes play a crucial role at the interface to couple the atmosphere and ocean; these two quantities are governing the exchange of energy between these two systems. The momentum flux is major driving force for the ocean basin scale circulation (Chen et al. 1994, Shriver and Hurlburt, 1997) while the heat flux is important for determining the thermal properties of the upper ocean and both contribute towards turbulence mixing within ocean surface mixed layer, therefore both the fluxes are pre-requisite for the prediction of SST. The momentum flux is calculated from the zonal and meridional wind components from WRF model output by using the formula (1) where (2) (3)
Where τ is wind stress, ρ air and ρ water are density (kgm -3 ) of air and water, C D is drag coefficient, U is wind speed, u and v are the zonal and meridional components of wind. The drag coefficient (C D ) depends on the roughness length and wind speed, wave age (ratio of local friction velocity to the phase speed of dominant spectral component), and wave steepness. In the Kalpakkam region the significant wave height is less than 2 m and moreover the roughness length and wave steepness are insignificant so that under the neutral atmospheric stability, the drag coefficient over the sea surface is linearly dependent on the wind speed (Guan et al. 2004) . (4) where α is the Charnock coefficient.
Various authors have reported different values i.e. 0.012 (Charnock, 1995) , 0.0144 (Garratt, 1997) and 0.0185 (Wu, 1980) . The ocean surface heat fluxes are derived from the WRF model output and are used as forcing components to the ocean model (POM) through the FCTK. The heat flux at the ocean surface Q NET is calculated using the following bulk formulation (Louis et al. 1982) (5) Kain-Fritsch (Kain and Fritsch, 1993) scheme for convective parameterization, Dudhia scheme (Dudhia, 1989) for short wave radiation with clouds, clear sky absorption, scattering and Rapid Radiative Transfer Model (RRTM) scheme (Mlawer et al. 1997) for radiative transfer in the atmosphere and Yonsei University Scheme for planetary boundary layer. The more details about WRF have been shown in Table 1 . The inner most domain of WRF model has been prepared with the same grid resolution as POM to transport data easily in both ways from WRF to POM and vice versa. POM has been configured for the two passive nested domains D01 and D02 ( The circulation features and variation of sea surface temperature (SST) are studied at intake and outfall region of MAPS and PFBR in the Kalpakkam region. The circulation of ocean currents decides the fate of thermal plume movement. Simulations are carried out using POM to study the movement of thermal plume dispersion along with the conservation of momentum equations. The temperature distribution explained through the conservation of temperature equation and the advection and diffusion terms of temperature conservation equations explain the thermal plume dispersion when temperature of hot water ejected from the outfall of the nuclear reactors exceeds the ambient temperature. The governing equations of POM are given in Blumberg and Mellor (1984) ; Mellor (2004) . The details of POM set up for the present work has been shown in Table 2 .
The FCTK acts as an interface between these two models to account for the interactive processes between the two -all of the three together forms a single model system called as regional automated coupled modeling system (RCAOM). The FCTK calculates the relevant momentum and heat fluxes for the next time step of ocean model. It also calculates SST of previous time step which is passed to the atmospheric model. This process is repeated in a cyclic way to obtain better prediction of SST variation at intake position of coolant, spreading of thermal plume dispersion and also is very helpful for the estimation of thermal re-circulation on the basis of seasonal variation. from the coupling of the WRF and POM through FCTK, has been simulated for preand post monsoon seasons with various forcing parameters viz. variability of turbulent heat fluxes, shortwave radiation and wind stress which are quite important while investigating for circulation features, recirculation of thermal plume and the variation of SST at intake positions of MAPS and PFBR considering intake positions and it is also important to estimate the rise or fall in SST from surrounding water temperature. Model configurations for both WRF and POM are described in Tables 1 and 2 . RCAOM simulations are carried out mainly for two distinct cases viz. uncoupled and coupled (Table 3) each of which are again considered in two cases of absence and presence of thermal plume discharge at outfall of IGCAR. In the absence of thermal plume discharge at outfall, RCAOM explains the usual coastal processes along Kalpakkam coast while in the presence of thermal discharge (at 40°C) it explains thermal re-circulation and spreading of thermal plume near and away from outfall region and its effects on intake coolant water locations. Unlike uncoupled sensitivity case where the model is simulated without any external atmospheric forcing parameter, the model is simulated using different atmospheric forcing parameters (Table 3) through FCTK like wind forcing, heat flux forcing or a combination of both the wind and heat fluxes to observe the dispersion and recirculation of thermal plume from the outfall location of the nuclear power plants. The numerous case studies with different forcing parameters are a pre-requisite to guide the suitable location for the intake water jetty to cool the condensers of the nuclear power plants and to explore the physical processes along the Kalpakkam coast.
Atmospheric parameters over the Kalpakkam region
The external atmospheric parameters play a key role to decide the fate of thermal plume dispersion in the vicinity of the Kalpakkam region. The coupling mechanism has been explained above and according to that output parameters of the inner domain of WRF model are explained and discussed as follows. The wind pattern has been depicted in Figure 6 for the pre-and post-monsoon seasons which are called the transition periods for the summer and winter monsoons. In the period of March to May, the magnitude of wind varies from 3.26 to 5.91 ms -1 . During March and April, easterly wind prevails and during May it gradually becomes southerly. During October to December, the magnitude of wind varies from 1.53 to 6.8 ms -1 . In October, the magnitude of wind is very small i.e. less than 3 ms -1 in southerly direction. The direction of wind is from east to west and east to south west in remaining months. This wind pattern clearly exhibits the reversal wind system during the southwest and northeast monsoons and additionally the weak wind magnitude is clearly representing the transition period in between the monsoons. Sensible heat flux (SHF) transfer is a function of the vertical temperature gradient and degree of turbulence or eddy conductivity above the sea surface. Because of the lack of information on the eddy conductivity, it is a general practice to relate sensible heat transfer to temperature difference between atmosphere and ocean. The variation of sensible heat flux is very small over the ocean. In climatology, the variation of sensible heat flux gradually decreases from March to May and slowly increases from October to December over the Kalpakkam region.
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The estimation of Latent Heat Flux (LHF) (Figure 7 ) is obtained by relating evaporation to vapor pressure difference and wind speed. The energy loss caused by evaporation is a function of sea surface temperature. In month of April, the LHF varies in the range 129.4 -130 Wm -2 . During March to May it remains almost same and varies in the range 142.4 -148.8 Wm -2 . However from October to December, the LHF gradually increases and varies in the range 159.3 -269.4 Wm -2 , the highest being observed in December (269.4 W/m 2 ). Shortwave radiation (SWR) (as in Figure 8 ) is a function of the sun's altitude and the cloud cover. In the pre-monsoon season the short wave radiation shows higher values and it varies in the range 296.94 -315.7 Wm -2 . In the post-monsoon it varies in the range 190.26 -266.2 Wm -2 and is less than the pre-monsoon season. The minimum and maximum values are observed in the month of December (190.26 Wm -2 ) and April (315.7 Wm -2 ) respectively. It is observed that all these fluxes have their effect on thermal plume dispersion, recirculation of thermal plume and sea surface circulation. 
The variation of SST along coastal Kalpakkam
The estimation of SST is an important consideration for studying the plume characteristics that emerge from the outfall of nuclear reactors. As discussed earlier in the coupling case, the FCTK acts as a switch to transfer momentum and/or heat fluxes individually or a combination of both. RCAOM simulations carried out for all sensitive cases in the absence of thermal plume discharge show the monthly averaged SST using the combined forcing of momentum and heat fluxes during pre-monsoon (Figure 9 (a, b, and c)) and post-monsoon (Figure 9 (d, e, and f) The RCAOM simulated vertical velocities are measured at two transects i.e. along shore locations A, B, C, D (Figure 11 ) and across the shore locations E, F (Figure 11 ). High vertical velocities are observed in both seasons at location C than other locations due to the sharp gradient of bathymetry which is often referred to as topographical induced effect (Oke et al. 2000) (Figure 12 ). The upwelling process is observed with different magnitudes during both seasons due to this effect in the vicinity of Kalpakkam region.
Thermal plume dispersion characteristics along the Kalpakkam coast
In this section we observe the thermal plume dispersion from the outfall of the two power plants along the Kalpakkam coast for every month of pre-and post-monsoon seasons. When uncoupled, the thermal plume dispersion is very fast during pre-and post-monsoon seasons, and it spreads more in the surrounding region due to the thermal gradient which has high temperature in comparison to the ambient water temperature. This follows since the thermal diffusion is 100 times faster than the molecular diffusion. In case of coupling, the numerical experiments have been conducted individually with momentum or heat fluxes separately and also with the combination of both. Forcing parameters of momentum and heat fluxes with valid initial and lateral boundary conditions are used for simulations ( Figure 13 ). The momentum fluxes cause turbulent mixing and heat fluxes cause an increase or decrease of SST of thermal plume. During the month of March, the plume spreads along north-south direction and the circulation of currents are in northwest direction so the direction of plume occurs in northward direction most of the time (Figure 13a ). During April and May, the plume spreads more in
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International Journal of Ocean and Climate Systems Figure 11 . The model domain of the study region has been taken from two transects along shore shown with mark A (PFBR Location), B (MAPS), C (PDL) and D (Away from PDL along coast) and cross shore with E (at Central Domain) and F (at Open Boundary) to identify the vertical velocity using simulations of RCAOM northward direction and less in the southward direction (Figure 13b and 13c) . The movement of the thermal plume clearly shows that it is following the circulation of currents which closely resemble wind pattern during the pre-monsoon season. However the effect of thermal plume dispersion shows less impact at the MAPS and PFBR locations. During the post-monsoon season i.e. the month of October, the dispersion of the plume spreads along the coast in north-south direction (Figure 13d ) while during the period of November and December, the plume spreads mainly in southward direction (Figure 13e and 13f) due to the circulation of currents. Thus, during post-monsoon season, the effect of thermal plume dispersion shows more impact at MAPS location than compared to PFBR location. The observation of thermal plume dispersion shows spreading of plume along and across the coast thus depending upon the wind stress, mixing processes and speed and direction of the ocean currents. This directly infers the seasonal wind, temperature gradient and current circulation patterns of both pre-and post-monsoon seasons.
It is observed that in each of the two sensitive cases viz. in the absence and presence of thermal plume, the variability of sea surface circulation follows its individual pattern with their respective forcing parameter. The mean circulation of currents is driven by seasonal wind stress but they are at an angle with the wind direction following the Ekman theory.
From the above observations during pre-and post-monsoon seasons, it can be concluded that the dispersion of the thermal plume entirely depends upon the direction of current movement. Also, the circulation features in domain D02, resemble the seasonal wind pattern and their movement is in comparison with the circulation of D01 (Figure 14) .
Effect of currents on thermal plume dispersion
Large scale circulations of D01 have been observed during the southwest and northeast monsoon seasons. Also, the seasonal circulations of these seasons have been shown in Figure 14 . It is observed that during the southwest monsoon season, the strongest currents of magnitude 0. Figure 15 shows the variation of surface currents estimated at the three locations. At location A: PFBR, the northward current magnitude increases (0.03 ms -1 ) during the pre-monsoon season whereas there is a gradual increase in the southward current magnitude (0.04 ms -1 ) during the post-monsoon season. At the location B: MAPS, the northward current magnitude decreases in April and increases in May while the southward current magnitude gradually increases (0.06 ms -1 ) during post-monsoon. At location C: beyond the source location (PDL), the current magnitude gradually increases (0.08 ms -1 ) during the pre-monsoon season and the southward current magnitude gradually increases (0.02 ms -1 ) during the post-monsoon season. Thus during the post-monsoon season, the strength of southward current at MAPS is stronger and it causes a rise in SST due to rapid thermal recirculation effect at this location. The strength of surface currents decides the fate of thermal plume movement and its recirculation.
The vertical profiles of horizontal current velocities are then observed as they play an important role in circulations and influence the dispersion of the plume. The vertical profiles are calculated at MAPS, PFBR and beyond the source location. The magnitudes of currents have been estimated along depth in the eastward and northward direction in the pre-and post-monsoon seasons. The sub-surface currents are used to study the effect of hot plume movement below the water surface at MAPS and PFBR (A and B) and also to observe the movement of effluents.
During the pre-monsoon season, current magnitudes vary from ±0.05 to ±0.1 ms -1 as are shown in Figure 16 . During the month of March, the vertical profile current velocity (Figure 16 (a) ) shows higher value at location B (MAPS) compared to the remaining locations (A and C) whereas during the month of April, the location A (PFBR) shows the velocity of current ±0.02 ms -1 (as in Figure 16 (b) ). During May, the vertical profile of current velocity (as in Figure 16 (Figure 17 ), the vertical profile of current velocity varies in the range of ±0.05 to ±0.02 ms -1 at the three locations. In both the seasons, the range of current velocity remained same with respect to depth at location B (MAPS). From the current profiles with respect to depth, it is observed that the variations of subsurface currents are less compared to the magnitude of surface currents. Thus, in the vicinity of Kalpakkam region, the RCAOM simulations clearly show that the effect of sub-surface currents have less impact on plume dispersion and on the movement of effluents. Therefore, the fate of thermal plume dispersion and its recirculation at the intake coolant water locations MAPS and PFBR depends upon the surface currents but not much on the subsurface currents.
Effect of thermal plume recirculation at intake locations of MAPS and PFBR
The study of thermal recirculation of the plume plays a crucial role to choose and design the intake position of the coolant water in order to reduce the temperature of nuclear condensers. The allowable margin for rise in temperature at the intakes depends mainly on the inlet sea water temperature for condensers and ambient sea water temperature at the intake. The design criteria for inlet sea water temperature for condensers of MAPS and PFBR are 30 °C and 31.5 °C respectively. The climatological monthly variation of sea water temperature ranges from 27 °C to 32 °C in a year. During pre-monsoon season, the average temperature is more than 31 °C whereas during the post-monsoon season, it is less than 28 °C. The recirculation temperature limit is considered to be 1 °C. However, it can exceed provided the re-circulating water temperature is more than the design inlet sea water temperature. Based on this criterion, simulations using RCAOM have been carried out during pre-and postmonsoon season to observe the thermal plume recirculation features. During both cases, the thermal plume recirculation is shown (Figure 18 ) for decoupled and coupled cases. During pre-monsoon season, the recirculation of thermal plume temperature at the MAPS location (Figure 18(a) ) is above 4 °C in the decoupled sensitive case and in the coupled case, using momentum flux, SST increases to 2 °C than the ambient sea water temperature. It is observed that in cases of heat and combination of heat and momentum fluxes, the thermal plume temperature variation follows that of the ambient temperature of water. During the post-monsoon season, SST is raised to 6 °C due to the thermal recirculation of water in decoupled case while in coupled case it increases to 4 °C than the ambient sea water temperature when the momentum flux or the combination of momentum and heat fluxes are considered.
The thermal plume recirculation characteristics at the PFBR location (Figure 18 temperature of 1-2 °C than the ambient sea water temperature in the coupled and decoupled case respectively during the pre-and post-monsoon season. From the combined out fall location of MAPS and PFBR, it can be concluded that there is an increase in temperature at MAPS than the PFBR location due to the thermal re-circulations of outfall thermal water (CWPRS Technical Report No. 4329, 2006) . The pre-and post monsoon seasons show critical conditions of the thermal plume flow movement of magnitude 0.1 ms -1 and thermal plume temperature is 40°C from the source location in north and southward direction. The variation of SST has been calculated by subtracting the new climatology data from the temperature at these two locations i.e. MAPS and PFBR as is shown in Figure 19 . In the premonsoon season, the temperature at MAPS location gradually decreases from 3.5 o C to 1 °C where as it rises from 1 °C to 4.5 o C during the post-monsoon season due to the circulation of thermal plume towards the southward direction. In case of PFBR, the temperature gradually decreases from 1.5 °C to 0.5 °C and increases from 0.5 °C to 2.5 °C during pre-and post-monsoon seasons respectively. It is observed that the monthly variation of SST is more at intake water location of MAPS due to the combined outfall of MAPS and PFBR and recirculation of thermal plume during the post-monsoon season.
Angular spread of the thermal plume from the IGCAR Outfall
The study of angular spreading of thermal plume is very useful in two ways -firstly, for identifying the areal spread of thermal plume by its thermal recirculation and secondly, having a knowledge of the magnitude of thermal plume movement which gives information about time period to reach the thermal plume at intake coolant water locations of MAPS and PFBR. The angle and magnitude of thermal plume movement from the outfall of IGCAR has been shown in Figure 20 . In the pre-monsoon season the angle of plume movement varies from 60°-120°from the outfall whereas in the post-monsoon season the angle of plume movement varies from 280°-300°. It is also observed that in October, The angular spreading and the magnitude of movement of thermal plume reveals that the effect of plume dispersion and thermal recirculation is more during the post-monsoon than pre-monsoon season at intake locations of MAPS than PFBR.
VALIDATION
After considerable study, in this section the SST simulated through RCAOM is validated with four different available data sets of SST. Four locations are considered, one is at the outfall and the other is away from the outfall location and remaining two locations are MAPS and PFBR in the domain. At these four locations the SST are compared to the New Climatology (NWC), REMSS Blended SST and MODIS SST. During pre-and post-monsoon seasons, the SST varies very high (about 32°-36 °C) near the outfall, because of the thermal outfall, whereas the variation is normal and considerable with observed data at the locations away from the outfall location (Figure 19(c) ). The variation of SST at the MAPS location shows 1 °C difference from the observed value during the pre-monsoon season and 2 °C in the post monsoon season (Figure 19(d) ). At PFBR location, no considerable variations are observed during pre-monsoon season whereas a difference of 1 °C is observed during the post-monsoon season (Figure 19(d) ). It is observed that the modeled SST follows the trend of observed SST at and away from the source point during pre-and post-monsoon seasons. Also, at the locations of MAPS and PFBR, the SST variation follows the trend of observed data in pre-monsoon season but not in the post monsoon season due to the recirculation of thermal plume dispersion at these locations. 
CONCLUSIONS
Two popular and independent models, WRF (atmosphere model) and POM (ocean model) are used to combine and perform as a single modeling system, RCAOM, to understand the coastal process like upwelling in the absence and presence of thermal plume discharge at Kalpakkam, a coastal site located on the east coast of India. The present study reports on the development of a flux coupler, which serves as an interface to compute and exchange fluxes between the two state-of-the-art models. The numerical computations are used to ascertain coastal processes, realistic plume dispersion characteristics, thermal re-circulation and effect of thermal plume discharge on intake locations of coolant water. The results also explain the effect of seasonal circulation features on hot plume dispersion, formation of upwelling processes at the discharge location, thermal plume dispersion characteristics and influence of thermal plume recirculation during pre-and post-monsoon seasons at the intake locations of MAPS and PFBR in the Kalpakkam region. In the absence of thermal discharge, upwelling process at proposed outfall location is very helpful for dilution of the hot thermal plume, while in the presence of plume discharge, the thermal plume dispersion characteristics depict that it has a strong dependence on momentum fluxes and its temperature depends on the heat fluxes. The thermal plume recirculation around Kalpakkam region causes an increase in the temperature of about 1-2°C at MAPS location than at PFBR location. The simulations are assessed with SST observations from New Climatology, REMSS Blended SST and MODIS satellite data set. The SST values are comparable at deeper water depths. As expected the hot plume near shore is not visible in the satellite measured SST. This is however, a limitation of satellite based measurements in coastal regions due to coarse resolutions. The present computations made by RCAOM have been automated to provide real-time information to the Decision Support System (DSS) operational at Kalpakkam. Based on numerical experiments it can be summarized that the incorporation of the coupler has improved the operational forecast skills for SST variation and circulation studies in the vicinity of Kalpakkam region.
